Abstract. The mechanical loss (internal friction) spectra of bcc metals (Fe,Nb,Ta) indicate the presence of interstitial foreign atoms by Snoek peaks at distinct, characteristic temperatures. The magnitude of the peaks is proportional to the contents of interstitial solute atoms. Experiments with single crystals allow determination of the dipole tensor components | \\-A21 • Equipment for low frequency measurements (10~4 Hz -20 Hz) is demonstrated.
INTRODUCTION
Mechanical spectroscopy is based on the measurement of mechanical loss, or internal friction, as a function of temperature or frequency. Due to its selective and non-destructive nature, mechanical spectroscopy is well suited for the study of atomic defects in high purity metals. The presence of specific defects is indicated by loss maxima at distinct temperatures (or frequencies). In bcc metals, such as a-Fe, V, Nb, or Ta, the most prominent loss maxima are due to the Snoek effect which is based on the stress-induced reorientation of foreign interstitial atoms. The loss angle, represented by Q" 1 (reciprocal quality factor), can be determined either from the decay (damping) of mechanical oscillations or from the phase shift between applied stress and strain. In the mechanical loss spectra each interstitial species in a bcc metal gives rise to a Snoek peak at a distinct, characteristic temperature or measuring frequency [1, 2] ,
The stress induced reorientation jumps of the interstitial atoms, which cause the Snoek peaks, represent anisotropic elastic dipoles. Mechanical loss due to dipole reorientation, which is equivalent to dielectric loss of electric dipoles, can be described by the Debye equation (1) Equation (1) describes a loss maximum centered at wr = 1 with height Q,,," 1 = A/2, where A is the relaxation strength, w = lid, and f is the measuring frequency.
The reorientation of the interstitial atoms (dipoles) is the elementary step of interstitial diffusion. An Arrhenius equation should apply for the inverse relaxation time T' 1 (2) where H is the activation enthalpy, k is Boltzmann's constant, and Too" 1 represents an atomic attempt frequency at temperature T = a>. The most convenient method of mechanical spectroscopy is to measure mechanical loss as a function of temperature at constant frequency. The temperature dependence, Q _1 (T), is obtained by combining eqns.
(1) and (2):
Equation (3) includes additional corrections from the weak temperature dependence of the relaxation strength (A « 1/T) and the temperature variation of the elastic modulus (shear or Young's modulus) which is proportional to f^T). Equation (3) describes a Snoek peak at T = T," for one interstitial species. The presence of several species leads to a superposition of several maxima, i.e. a mechanical spectrum of Snoek peaks.
Another experimental method involves measurement of the mechanical loss angle by forced vibrations at constant temperature with variation of the measuring frequency, Q'\u). Such equipment has been recently developed [6] .
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EXPEIUMENTAL METHODS
A large variety of experimental equipment have been designed for mechanical spectroscopy of materials [1, 4] . One of the most versatile apparatus which is used at MPI [5] is the torsion pendulum. The basic rinciples are shown in Fig. 1 , where the vacuum chamber and furnace are omitted for sake of simpficity. The sample is usually a thin wire or narrow strip of 0.5 to 1.2 mm diameter (thickness) and 40-100 mm length. It is suspended between grips and attached to a rigid base at the lower end and a movable inertia member at the upper end (1.e. an inverted pendulum). The inertia is counterbalanced so that only a small tensile static stress ( w 0.1 N) is acting upward. The torsional vibrations of the sample are excited by two pairs of Helmholtz coils acting on a permanent magnet fixed to the inertia member. The oscillations are detected optically using a stabilized halogen lamp and an optical sensor (Schottk diode). Mechanical loss (internal friction) is determined from the 19 r logarithmic decrement 19 of the reely decaying vibration amplitudes ( ($ = loss angle). The term in paranthesis comprises a correction since the amplitude decay is not simply harmonic [I] . In the torsion pendulum mechanical loss is measured as a hnction of temperature, Q-'(T), covering a frequency range of about 0.5 to 20 Hz which is dictated by the inertia member.
A new type of low frequency apparatus has been recently developed, which is based on a variable frequency at constant temperature. In principle, this subresonance apparatus is derived from the device shown in Fig. 1 by removing of the inertia member. This apparatus operates below the resonance frequency in forced vibrations. Due to the mechanical problems and the difficulty of determining small phase angles, the first low frequency subresonance apparatus was only recently developed for measurement of low damping spectra in metals [6] .
The mechanical part of the new apparatus which has recently been constructed at MPI is shown in detail in Fig. 2 . A sample is mounted in the same manner as in the pendulum ( Fig. 1) and is suspended via a vertical rod. The suspension wire is wound and stretched around two vertically arranged pulleys. This arrangement suppresses lateral deflections of the vertical rod and it compensates, by means of the counterbalance, small vertical movement arising from thermal expansion of the specimen. Thus the low frequency torsion apparatus presented in Fig. 2 can be used for two types of loss angle measurements: (i) Q-I as a function of fiequency at constant temperature, and (ii) Q-l as a function of temperature at constant frequency. The loss angle is determined as the phase shift between the applied alternating stress (a) and the resulting strain (E), as indicated in Fig. 2b . The applied stress results from the torque produced by the permanent magnet positioned in a pair of Helmholtz coils. The excitation current (0 ... 2A) is sup lied by a galvanostsat which is controlled by an AC generator voltage from an impedance analyser PSfhlumberger 1260). The resulting strain ( 6 ) is detected optically (similar to in Fig. 1 ). The loss angle $ is determined (Fig. lb) In comparison the torsion pendulum (Fig. I) , operating in free decay, allows a precision of AQ-l x The principle advantage of the low frequency subresonance apparatus is that it allows determination of Q-' values up to 0.1 and higher, which are a factor of 10 greater than can be obtained from a torsion pendulum.
The specimen chamber shown in Fig. 2a was especially constructed for high temperature measurements up to 1400 K. In this case the flange F is cooled with water. The alumina outer tube is heated by a removable Pt/Rh-furnace and it can be replaced by other specimen chambers (positioned below flange F) for operation at lower temperatures.
A third type of apparatus used at MPI is based on the resonant bar technique. Specimens with the same dimensions as in the torsion pendulum are excited to flexure eigenvibrations in the kHz range. A detailed description is given elsewhere [7] .
A demonstration of the results for Nb from the two experimental set-ups described above is presented in Figures 3 and 4 . Figure 3 shows a Q-l versus T spectrum which was obtained with the torsion pendulum on a commercial Nb wire. According to chemical analysis [8] this specimen contained about 0.3 at% 0 and about 0.02 at.% N. The mechanical spectrum exhibits two well separated Snoek peaks, that for oxygen at zi 430 K and that for nitrogen at w 565 K. This demonstrates the selective nature of mechanical spectroscopy. Fig. 4 shows Q-I vs. f measurements from the low frequency subresonance apparatus for three temperatures. The ultrapure Nb specimen was doped with 0.85 at% 0 and its 0 Snoek maximum is shifted with increasing temperature to higher frequencies. This frequency "dispersive" apparatus permits tracking of just one Snoek maximum at an appropriately chosen temperature -contrary to the " temperature dispersive" spectra (Fig. 3) .
E X P~N T A L INVESTIGATIONS OF SNOEK RELAXATION IN BCC METALS
The ap lication of mechanical s troscopy for the characterization of bcc metals with respect to P interstitia foreign atoms is mainly gee ased on two experimental quantities:
(i) The position of the peak in terms of tem erature and frequency characterizes the interstitial solute atom species. (ii The relaxation strengfE 4 i.e. the magnitude of the Snoek peak, is proportional to the contents o 2 interstitial solute atoms.
Peak Position and Activation Enthalpy
The temperature position of a peak (for a given fr uency), T,, is closely correlated with the activation enthalpy H for interstitial diffusion. This may e expressed by the Arrhenius equation (2) with WT = 1 as *b
The activation enthal y is usually determined from variation of T, with measuring frequenc f,. [2, 3, 91 . The activation enthalpies for the Snoek peaks of 0, N, and C in various bcc metals are plotted in Fig. 5 as a function of the peak temperature for f, = 1 Hz. The data can be represented by the linear relation [2] T,
This indicates that the attempt frequency T~-~ is essentially a constant for Snoek peaks in bcc metals and from Fig. 5 it follows that ~,-l = 4.81. 10-14s-l. Such a linear relationship of eq. (6) was first demonstrated by Wert and Marx [lo] . 
Concentration Dependence and Relaxation Strength
According to the simple theory the Snoek relaxation [I] strength should be proportional to the concentration c, of the interstitial solute atoms and this has been verified for polycrystalline specimens by numerous experiments [1, 11] . For a cubic single crystal the theory gives the following equation for the relaxation strength (torsional oscillations).
Here v, is the molecular volume of the bcc metal and (A1-X2) is the difference of main values of the dipole tensor with tetragonal symmetry. This diple strength represents the ellipticity of the distortion pattern created by the interstitial atom. I? is the orientation parameter of the longitudinal torsional axis of the crystal, r = cos2a cos2P + cos2P cos2y + cos2y cos20 (a; P, y = angles between longitudinal axis and cube axes) and varies between r = 0 for a [I001 direction and = 113 for a
[Ill] direction. G-I is the (elastic) compliance of the shear modulus G which depends on crystal orientation, i.e. G'' = G-I (r). Only a few experimental studies of the Snoek relaxation exist for single crystals: Fe-C and Fe-N [12, 131 and Nb containing both 0 and N [14] . These experiments nicely demonstrated the anisotropy of the Snoek relaxation and the tetragonal defect symmetry of the interstitial atoms. If the concentration of interstitial atoms is independently known, the shape factor (A1-X2) can be determined from measurements on single crystals. Since it enters as a quadratic in eq. (7) 
